b Particle Physics, Weizmann Institute
Introduction
QCD2 in terms of only colored currents ("currentization"), turns out to be very natural once the system is quantized on the light-front.
Both the momentum and the Hamiltonian, and hence also M 2 , are expressed in terms of the lightcone colored currents.
In fact only the left (or right) currents are needed.
The currentization was shown to hold for multiflavor fundamental and adjoint quarks.
In fact, it can be applied whenever the free fermions energy momentum tensor can be written in term of a Sugawara form.
The light-cone momentum and Hamiltonian of any CFT that posseses an affine Lie algebra and is coupled to non Abelian gauge fields associated with the same algebra, can also be described in terms of holomorphic currents.
The Fock space of physical states is obtained by applying current creation operators on the vacuum.
The lowest physical states constructed by applying current creation operators on the singlet vacuum, are those built from two currents. * Gave talk at the Workshop A 't Hooft like equation for the wave function of these two currents states was obtained, and solved for the lowest massive state, in Ref [2] .
Excellent agreement with the DLCQ results, Refs [3] , [4] , [5] .
Turns out that one can also construct states by using only one current creation operators, applied on the adjoint vacuum.
The latter is obtained by acting on the singlet vacuum with fermionic zero modes.
In the case of adjoint fermions, by a single adjoint zero mode, and for fundamental fermions by quark anti-quark zero modes.
In a scheme where only currents are being used one should be able to express the adjoint vacuum also in terms of currents, which we do, as mentioned before, for the case of fundamental quarks.
The outcome of our analysis is that in the large N f limit the state of one current applied on the adjoint vacuum, is indeed an eigenstate of the mass operator with a mass of
In the large N c limit this is not the case. Acting with M 2 on this state, the dominant daughter state is a two current state.
We further analyze the fermionic structure of these states, especially in the large N c limit, to connect to the 't Hooft analysis.
En route to these results we are faced with technical obstacles, due to infra red (IR) divergences.
In certain parts of the computations we were able to regularize the IR divergences, but in others we left it as an open problem.
Assuming that a regularization scheme can be found, we have fully determined the normalizations of the relevant states.
QCD2 Currentization
The action for multi-flavor massless fermions, in the fundamental representation of SU (N c )
An alternative description is achieved by bosonizing the theory. The bosonization of multiflavor massive QCD 2 is complicated since one has to translate the fermions into bosonic variables which are group elements of U (N F × N c ). See Ref [6] .
For massless fermions one can use bosonization in the
This scheme is more convenient since it decouples the color and flavor degrees of freedom.
For a Review see Ref [7] . The bosonized form of the action in this scheme is
, φ is the bosonic field for the baryon number, and S W ZW stands for the Wess-Zumino-Witten action
B is a three dimensional volume whose boundary is the two dimensional surface Σ, which in our case is the 1+1 Minkowsky space.
The flavored sectors are indeed decoupled from the colored one. Moreover, the former ones are entirely massless. Since we are interested in the massive spectrum of the theory, we will set aside the g and φ fields and analyze only the colored field h.
The residual interaction of the zero modes of the g, h and φ fields, will not be important to our discussion.
Choose the light cone gauge A − = 0, and quantize the system on the light-front x − = 0. Integrating A + we get an effective non-local action
The light-front momentum and energy take now simplified forms.
The momentum takes the Sugawara form
The energy
Note:
1. The equations that determine the spectrum are entirely expressed in terms of currents.
2. Both P + and P − depend only on J + and not on J − . 3. The only condition for currentizing a theory of fermions coupled to non Abelian gauge fields, is that T ++ of the free fermionic theory could be rewritten in terms of a Sugawara form.
4. In particular this can be done for adjoint fermions and for fermions in the symmetric and antisymmetric "two box" representations.
In momentum space
Normal ordering in the expression of P + and P − are naturally with respect to p + , where J(p + < 0) denotes a creation operator. To simplify the notation we write from now on p instead of p + .
2 ) times the Fourier transform of the 'potential' |x − y|.
In computing the eigenvalues of M 2 = 2P + P − , we will need the algebra
The vacuum |0 obeys
Physical states are built by applying the current creation operators on the vacuum
Note that this basis is not orthogonal.
The One-Current State
Define "adjoint vacuum"
b †i β and d †β j are the creation operators of a quark and anti-quark respectively.
We can represent the action of the above adjoint zero mode on the vacuum by the derivative of a creation current taken at zero momentum.
As the currents are traceless, we have to subtract the trace part for i = j. The latter can be neglected for large N c .
Comments:
1. The adjoint vacuum can also have flavor quantum numbers. In fact, when using different flavor indices on the fermion and anti-fermion [and not summing], we can get a vacuum that is also adjoint in flavor. This will result in a "currentball" being an adjoint flavor multiplet as well.
2. For the case of N f = N c , the state constructed from the bosonic adjoint vacuum is degenerate with the one constructed from the fermionic adjoint vacuum.
The "one current" state we have in mind is
This state is obviously a global color singlet, but in our Light Cone gauge A − = 0 it is also a local color singlet, as the appropriate line integral vanishes. Now
From which, for p > 0
Hence the state Z b |0 is annihilated by all the annihilation currents, and so it is indeed a colored vacuum.
From
we get that our state |k is indeed of momentum k.
Evaluation of
In P − [and in P + ] we ignore contributions from zero -mode states, that is, we cut the integrals at ǫ, and then take the limit. Actually, the zero modes give zero when acting on singlet states.
as the Hamiltonian annihilates the color vacuum as well. Using the commutator of the Hamiltonian with a current, which we evaluated before, we get π
So, in the large N f limit, the state
is an eigenstate, with eigenvalue
π . To see the exact dependence of the two terms, to be denoted I and II, in the equation above (the one and two current states), on N f and N c , we should normalize them. For I,
The second term in the last line can be neglected compared to the first, as it is a constant compared with δ(0), the space volume divided by 2π.
and the factor kδ(0) is the normalization of a plane wave of momentum k. The normalized state, for N c >> 1,
relative to 0|Z 1 Z 1 |0 . The normalization of the second term II is more complicated. A lengthy but straightforward calculation gives
We have written only the terms proportional to δ(0). Useful formulae for the evaluation, involving sums of products of structure functions of SU (N ), are given in the Appendix.
The various momentum integrals (including the ones for the non-dominant terms) are divergent for ǫ → 0, thus they should be regulated. We leave this problem for now, and assume henceforth that they are regulated and finite. For simplicity the integrals (including the factor k) appearing in the two dominant terms will be notated R 1 and −R 2 in the following expressions. Note that we have 
where
The mass eigenvalue equation
In the large flavor limit, our state |S 1 is an eigenstate with mass
In the large color limit, however, we actually get that the second term dominates by a factor of N c . Moreover, while the first term goes to zero in the large N c limit, due to the factor of e 2 , the second term survives.
Fermionic Structure
with
The 4-quarks part has a coefficient which is independent of N c . As for the 2-quark part, it involves an anti-commutator of creation with annihilation, yielding a state which is a combination of
Thus for large N c , we have a quark-antiquark combination of momenta (k, 0) and (0, k).
As 't Hooft found all meson states for large N c , and each has a well defined momentum distribution, it is clear that our state is not a mass eigenstate for large N c . This is of course part of our explicit calculation in the previous section.
Discussion
Present work: 1. Investigation of two dimensional massless multi flavor QCD in its "currentized" form.
2. Useful tool to solve those QCD 2 systems. 3. Spectrum of states that are constructed by applying a single current creation operator on the adjoint vacuum.
4. The later was shown to be given in terms of the derivative with respect to k, at k = 0, of the current acting on the singlet vacuum.
5. In general, and in particular also in the large N c , these states are not eigenstates of M 2 . However, in the large N f limit they are eigenstates.
Previously, Ref [2] , the spectrum of two current states on the singlet vacuum was derived. It was also shown there that in the large N f limit there is a continuum of states with mass above 2 × e N f π . This indicates that there is a noninteracting "currentball" meson of mass e N f π . Now, in the same large N f limit, we have indeed found an eigenstate of M 2 with exactly this mass. The state we have found is a color singlet. In fact it is easy to see that, in the large N f limit, there are N 
